Abstract. It is often argued that urban areas play a significant role in catchment hydrology, but previous studies reported disparate results of urbanization impacts on stream flow. This might stem either from the difficulty to quantify the historical flow changes attributed to urbanization only (and not climate variability) or from the inability to decipher what type of urban planning is more critical for flows. In this study, we applied a hydrological model on 43 urban catchments in the United States to quantify the flow changes attributable to urbanization. Then, we tried to relate these flow changes to the changes of urban/impervious areas of the catchments. We argue that these spatial changes of urban areas can be more precisely characterized by landscape metrics, which enable analysing the patterns of historical urban growth. Landscape metrics combine the richness (the number) and evenness (the spatial distribution) of patch types represented on the landscape. Urbanization patterns within the framework of patch analysis have been widely studied but, to our knowledge, previous research works had not linked them to catchments hydrological behaviours. Our results showed that the catchments with larger impervious areas and larger mean patch areas are likely to have larger increase of runoff yield.
Introduction
There exists a wide range of past researches showing various impacts of urbanization on catchment hydrologic response, but assessing quantitatively the impact of urbanization on hydrology remains a challenge. Depending on the catchments and the chosen approaches to detect changes in hydrological behaviour, some works suggested that urbanization increases peak flow (Rose and Peters, 2001; Booth et al., 2004; Poff et al., 2006; Rozell, 2010) while other studies found opposite results (Brandt, 2000; Poff et al., 2006) . Urbanization was also identified as the main cause of quite different effects on baseflow (Konrad and Booth, 2005; Kauffman et al., 2009; Rozell, 2010) . However, some studies found no significant relationship between urbanization and hydrologic response (Konrad and Booth, 2005; Rozell, 2010) . The diverse results obtained to assessing the impacts of urbanization on hydrograph shape may be attributed to the difficulty in (i) determining quantitatively and even qualitatively the urban patterns critical for hydrological processes and (ii) separating the effects of urbanization from these related to climate variability. Several studies used total imperviousness as a metric of urban sprawl (Rose and Peters, 2001; Burns et al., 2005; Rozell, 2010) . In this study, we used landscape metrics to quantify not only the amount but also the fragmentation of urban areas of various catchments. Besides, we aimed at quantifying the direct impact of urbanization on mean flow, following the decomposition method of the Budyko framework used in the study by Wang and Hejazi (2011) .
Method
In this section, we present first the fundamentals of the Budyko framework used to quantify the flow changes due to urbanization. Second, the spatial metrics computed to characterizing the different spatial organizations of impervious areas are presented. The catchment set includes 43 urban catchments in the United States for which streamflow data-series from the 30 to 70 years periods of record are available (Fig. 1) . A simple conceptual hydrologic model based on the Budyko (1974) hypothesis and the decomposition method used in Wang and Hejazi (2011) were used to distinguish between the impacts of urbanization and these of climate variability on mean annual flow. In the following, we consider a catchment as urbanized if the percentage of urban area is greater than 10 %, based on the 2006 land-use (NLCD) map. The threshold of 10 % is rather arbitrary but commonly used in other studies (Schueler, 1994; Booth and Jackson, 1997) . Besides, we also make the assumption that urbanized catchments were nearly not urbanized in the first 15 years of the record period, which was corroborated by a historical analysis of unit housing densities for each catchment. Thus, the decomposition method was applied on two different periods, the first and last 15 years of the record period and the 2006 urbanization were used to characteristics the urban patterns on each catchment. The runoff yields of Q1 P 1 and Q2 P 2 corresponding to the pre and post-urbanization periods were calculated. Q1, Q2,P 1 and P 2 are the averages of annual discharge and precipitation over the first and last periods respectively. As described by Wang and Hejazi (2011) the catchment that moves along the Budyko-type curve had just been affected by climate variability. However, urbanization and climate variability can cause a vertical change from Q1 P 1 to Q2 P 2 . The proposed decomposition method was applied to calculate the runoff yield change from pre-urbanization to posturbanization periods, as the difference between the total observed change and the computed change attributable to climate variability. In the following, this residual flow change was compared to the catchment characteristics related to urbanization.
Landscape fragmentation focused on how urbanization breaks up larger land-use class (patch) into smaller ones and how the urban polygons (or patches) are concentrated in space. Therefore, the number and area of patches allow a quantitative description of urban landscape pattern (Weng, 2007) . The landscape metrics widely used are: patch number (PN), mean patch area (MPA), patch density (PD) and edge density (ED). These metrics allow quantifying the fragmentation and structural complexity of each class of land-use (Jenerette and Wu, 2001; Herold et al., 2002) . Urban land- scape metrics were computed on the basis of land use data that were retrieved from the National Land Cover Database (NLCD) map of 2006. Besides, the NLCD land use map allowed us to compute classical urban metrics such as the impervious surface present over a given area with imperviousness of less than 20 %, between 20-49, 50-79 and 80-100 % (Fry et al., 2011) . The catchments' characteristics used in this study are summarized in Table 1 . Figure 2 shows the variation of the runoff yield (Q/P ) between the pre-urbanization and the post-urbanization periods for each study catchment. Figure 3 indicated that the majority of catchments move along the Budyko-type curve but the amount of residual changes is greater than the amount of changes attributable to climate variability. This means that the change in runoff yield is mainly caused by other factors besides climate variability. Note interestingly that the residual change i.e. the change that is not due to climate might be either positive or negative but it is positive for a large majority of catchments (around 80 %, see Fig. 3 ). To shed more light on the causes of these changes of runoff yield on the urbanized catchments, we investigated the linear relationships between the changes and urban sprawl characteristics. Figure 4 provides examples of these relationships for the total imperviousness of the catchments and the mean patch areas, showing that catchments with high imperviousness and large mean patch areas exhibit generally greater increases of runoff yield change. Even if for these two characteristics the relationships are significant (Table 2) , the coefficients of determination are pretty low, meaning that other factors should still be taken into account. Table 2 corroborates these findings since we found no significant relationships between other landscape metrics and runoff yield change (p value greater than 0.1).
Results

Conclusions
This paper tried to (1) quantify the impact of urbanization on runoff yield (Q/P ) on 43 catchments in the United States using a decomposition method and (2) relate this impact to urban sprawl characteristics. The Budyko framework is useful to distinguish between the effects of climate and these of urban change on streamflow characteristics (Jones et al., 2012) . The flow change attributable to urban sprawl appeared heterogeneous in the United States catchments studied in this paper. The catchments with large impervious area and large mean patch areas are likely to have a larger increase of runoff yield. The other landscape metrics did not show statistically significant relationships with runoff yield changes. Further research is needed to investigate this issue by considering other hydrological behaviour characteristics such as baseflow, peak flow, flood flows for different return-periods. Besides, the landscape metrics characteristics used in this paper represented a snapshot of year 2006. For assessing rigorously the transient effect of urbanization on flow, it appears necessary to take into account the dynamics of these landscape metrics, i.e. by considering historical maps of land use. 
